Introduction
Characterising biomolecular interactions is pivotal to the development of novel therapeutic and diagnostic platforms. Although significant progress has been made in the development of analytical methods for these applications, there still lies some fundamental limitations 1, 2 . Labelled optical transduction often requires skill-demanding and time-consuming procedures involving multiple reagents and steps, which restrict its use to controlled environments. Moreover, biochemical sensor interfaces (i.e. receptor-ligand) are prone to nonspecific interactions and fouling caused by other sample constituents. Most transduction methods, labelled or label-free, lack the intrinsic ability to differentiate strength of interactions. As a result, extensive washing and assay development are employed to overcome the problem of non-specific binding 3, 4 . On the other hand, while force spectroscopic methods, such as atomic force microscopy and optical tweezers, allow label-free differentiation of particlesurface interaction strength, they are complex and slow, and require a laboratory infrastructure. Thus, there exists an unmet need for a label-free transduction method that is easy-to-use and scalable, and can characterise ligand-receptor interactions in realtime, providing reliable differentiation from non-specific interactions with minimal or no washing.
Quartz crystal resonators have been widely used for label-free quantification of biomolecular binding 5 . Quartz crystals are commonly driven close to their fundamental or higher modes of resonance. The thickness (mass) and softness (viscosity) are conventionally estimated from the shifts in resonance frequency and dissipation measured at the driven mode. This transduction method is referred to as the Quartz Crystal Microbalance (QCM) 6 . However, it should be noted that inertial (mass) loading, which causes decrease in resonance frequency, is dominant only in the case of thin and rigid adsorbent layer. When relatively large (d>1µm) and more flexible adsorbates bind to the quartz crystal via small contact points, they form a coupled oscillator with the quartz crystal resonator. The binding of colloidal particles 7 and biological particles, such as bacterial spores 8 , to the quartz crystal resonator via ligand-receptor bonds are examples of such coupled resonators. The mass coupling is weak for these particles. On the other hand, the drive frequency, which is typically in the MHz range, is significantly higher than the resonance frequency of the particle-bonds system. As a result, governed by the principle of vibration, the particle is unable to follow the thickness-shear oscillation of the resonator and remains almost stationary in space. The resulting stretch in the bonds contributes to a restoring force, which increases the effective stiffness of the resonator. Thus, elastic loading is dominant over mass loading, and causes an increase in resonance frequency that is proportional to the increase in stiffness of the particle-resonator contact 9 . Several strategies have been employed to study this phenomenon, including subjecting the particle-QCM contact to a range of centrifugation forces 10 , ionic strengths 11 and dehydration levels 12 .
In this study, we functionalised polystyrene microparticles with different concentrations of human immunoglobulin-E (IgE, ligand) and the quartz crystal resonator with anti-IgE aptamer (receptor), and investigated the particle-resonator interactions for the various ligand concentrations comparatively using changes in resonance frequency, dissipation and a novel acoustic parameter, the third Fourier harmonic current, which we explain below.
In our earlier work, the quartz crystal was driven close to its fundamental resonance mode and the electrical current was measured exactly at three times the drive frequency (3f), referred to as the third Fourier harmonic 5, 8 . It should be noted that the third Fourier harmonic is a result of nonlinear response of an oscillator and may be present even in an oscillator with a single-mode of resonance, such as a spring-mass oscillatory system. Hence, the third Fourier harmonic is conceptually different from the third overtone resonance (a higher resonance mode), although they may be in the vicinity of each other depending on the crystal curvature. The third Fourier harmonic current is usually low as the quartz crystal is largely a linear oscillator at modest amplitudes. It was shown through modelling and experiments that when streptavidin-coated microparticles bound to the quartz resonator, the microparticle-resonator interaction forces distorted the pure sinusoidal oscillation, contributing to a considerable change in the third Fourier harmonic (3f) current. The quantitative change in the 3f current was proportional to the number of bound microparticles, and interestingly, significantly smaller for physisorbed microparticles, where the particleresonator interaction was weaker. The transduction method based on the measurement of the change in the third Fourier harmonic current was referred to as the Anharmonic Detection Technique (ADT) 5, 8 .
In this study, we employed the ADT transduction method to investigate how the change in the 3f current varied for different particle-resonator interactions when the number of resonator-bound particles was similar. A range of specific interactions (IgE-antiIgE) were modelled using various concentrations of IgE functionalised on polystyrene microparticles and anti-IgE aptamer functionalised on the quartz crystal resonator. Non-specific interactions were modelled using goat immunoglobulin-G (IgG) functionalised on the microparticles and the same anti-IgE aptamer on the resonator. We observed that when similar number of microparticles was bound specifically to the resonator, the change in the 3f current was greater for stronger specific interactions, and linearly proportional to the ligand (IgE) concentration on the microparticles. We also noted that when similar number of microparticles was bound non-specifically to the resonator, functionalised with IgG, in the absence of adequate washing, the change in the 3f current was significantly lower. Interestingly, this differentiation between the various interaction strengths was much more pronounced from the change in the 3f current than from the change in the resonance frequency. In particular, the relative 'attenuation' in the shift of 3f current for non-specific interactions with respect to the specific interactions was more than one order of magnitude greater than similar attenuation in the change in resonance frequency measured from the same assay. The quantitative correlation of the change in 3f current with the particle-bound ligand concentration and its feature of differentiation of specific and non-specific interactions make it suitable to be developed as a reliable, fast and easy-to-use method for characterisation of particle-surface interactions. This may be applied to relative quantification of affinity of interaction for various ligand-receptor pairs, and relative quantification of ligand concentration on a particle for a given receptor, e.g. cellular immunophenotyping. It needs to be noted that in order to cause a nonlinear distortion of the acoustic response of the quartz crystal resonator, the particle needs to be flexibly attached to the resonator, such as in the case of colloidal particles or bacteria, which have a cell wall that offers the cells some rigidity of form. Here we employed polystyrene microparticles so that we could controllably functionalise a range of concentrations of the ligand (IgE) on them and investigate how their binding to the quartz crystal resonator correlated quantitatively with the change in the acoustic signal.
It may be noted that, in this paper we referred to the quartz crystal resonator as QCR to treat the 'transducer' with distinction from QCM, which generally refers to the 'transduction method' based on the shift in resonance frequency of a QCR.
Below, we present an analytical model by describing the quartz resonator using the onedimensional Duffing equation. Analysing the experimental data using this model, we discuss how we can directly relate the type (specific vs. non-specific) and strength of ligand-receptor interaction (quantified by the protein concentration on the microparticles) with the change in the nonlinearity coefficient of the resonator, which underpins the change in 3f current.
Theoretical Modelling
To understand the theory underpinning the specificity and quantitative nature of the 3f current measurement, we modelled the QCR analytically as a nonlinear oscillator. It is well established that at relatively high drive amplitude, the thickness-shear mode the quartz crystal oscillator (QCR) behaves as a nonlinear oscillator 13 . Modelled as an infinite slab of parallel planes, the oscillation of a QCR can be described by the one-dimensional Duffing equation as
where 2 is the mass-proportional damping coefficient, primarily due to the liquid-QCR interface, , and are the stiffness, mass and nonlinearity coefficient of the QCR respectively, and 0 cos ( ) models the oscillatory drive of amplitude 0 and frequency = 2 . Only odd orders of are considered in Eq.1 due to symmetricity of motion of QCR. 5 th and higher orders are neglected.
When microparticles bind to the QCR through protein-receptor interactions, they form a spring-mass system coupled to the QCR. If and are respectively the stiffness of each bond and the number of bonds per microparticle of mass , then � ( )/ ≪ , i.e. the resonance frequency of the microparticle spring-mass system is much smaller compared to the drive frequency, which in our experiment was close to 14.24 MHz. As a result, the microparticle remains almost stationary in the laboratory reference frame with weak mass coupling with the QCR while the latter oscillates. This stretches the bonds, applying elastic loading on the resonator, which increases the effective stiffness of the QCR. The elastic loading also distorts the pure sinusoidal oscillation, consequently modifying the nonlinearity coefficient of the resonator. We model this change in nonlinearity coefficient due to the adsorbate (microparticles) using . Neglecting the coupled mass due to the microparticles and accounting for the changed stiffness and nonlinearity coefficient, the modified differential equation takes the following form.
Here, is the number of bound microparticles, and ′ is the modified damping coefficient. If
denotes the increased new resonance frequency due to the elastic loading, the differential equation in Eq.2 can be expressed as
where = 0 0 2 denotes the amplitude of the drive acceleration. The periodical solution of Eq.3 can be presented as the sum of odd Fourier harmonics. For small drive amplitudes, we consider two most significant harmonics and 3 as given by
where a 1 and a 3 are the amplitude of oscillation, and 1 and 3 are angles of phase shifts at the first harmonic ( = 2 ) and the third harmonic (3 ) respectively. For small oscillation amplitude and in proximity of resonance, a 1 and a 3 are related as
and the amplitude of first harmonic oscillation is given by the following equation 14 .
It may be noted from Eq.6 that the shift in resonance frequency due to drive level is,
Eq.6 leads to third order polynomial for a 1 . However, for small oscillation amplitude approximation, it can be solved iteratively. For the first iteration, i.e. at resonance, the first term under the radical is zero. Hence, in the first iteration,
Substituting this solution under the root for the second iteration we have,
Substituting back = 0 0 2 we have,
Using Eq.5 and Eq.10, the amplitude of third harmonic oscillation is given by,
In Eq.1, we have treated the QCR as a single mode system. However, a QCR in reality has higher modes of resonance. Oscillation with amplitude a 3 and frequency 3 rad/s is enhanced due to its proximity to the third overtone resonance 8 . For our QCR, the third overtone resonance is not located exactly at 3 0 but slightly shifted upwards typically by ≈ 75000 rad/s (~12 kHz). The amplitude of third harmonic oscillation after enhancement due to proximity to the third overtone resonance in our QCR is given by
where 2 3 ′ is the mass-proportional damping coefficient at the third overtone resonance.
The amplitudes of the piezoelectric current at first harmonic ( 1 ) and third harmonic ( 3 ) that we measure in the experiments are proportional to a 1 and a 3 respectively, with the constant of proportionality given by = 0.8/ , where is the characteristic impedance of QCR 15 . Using Eq.10 and Eq.12, we get,
Although the above analytical solution assumes small oscillation amplitude and proximity to resonance, we have confirmed using numerical modelling with realistic resonator parameters that even for relatively high amplitude and over a few resonance bandwidths, the deviation from this analytical expression is only a small fraction of ~1%. This modelling work will be presented in our future publication, which will demonstrate the expansion of Eq.14 into complex domain and fitting to experimental data for amplitude ( 3 ) and phase ( 3 ).
Peak value of
For Anharmonic Detection Technique (ADT), transduction method presented here, we measure the peak or maximum amplitude of 3 (i.e. 3 ) and monitor its relative shift over time as binding happens. To evaluate an analytical expression for 3 , we assume that the peak value is reached for a drive frequency ( ) that is close to the fundamental resonance frequency, i.e. 32 ′ 2 → 0 in Eq.14. Also, with first order approximation, the enhancement factor due to proximity to third overtone resonance reduces to 3 0 /(2 ), noting that lies outside the half-resonance bandwidth of third overtone ( 3 ′ ) for our QCR. Further, substituting = 2 ′ / 0 , where D is the dissipation factor of the QCR, the maximum amplitude of third harmonic current is obtained from Eq.14 as 
In our experiments, we normalise this maximum 3f current by the corresponding 1f current, which at resonance is given by 1 = 0 / . The normalised 3 is given by
Relative change in
′ due to binding of microparticles When binding takes place on the QCR, there is a change in its nonlinearity coefficient ( ) and dissipation factor ( ). Since the relative change in 0 is negligible (~7×10 -6 in our results), we treat it as constant. The amplitude of the oscillatory drive ( 0 ) is constant in our experiments. Since the shift in the third overtone frequency (∆ 3 ) and three times the shift in the fundamental resonance frequency (3∆ 0 ) are equal according to Sauerbrey equation, = 3 − 3 0 also remains constant. Therefore, the normalised 3f current varies only with the nonlinearity coefficient (directly) and the dissipation factor (inversely to the second order). Differentiating Eq.16, we get the following equation.
Eq.17 gives the relationship between the relative decrease in the normalised 3f current, the relative decrease in the nonlinearity coefficient and the relative increase in the dissipation factor close to resonance due to binding of microparticles on the QCR.
Results
We functionalised polystyrene microparticles ( =2.8 µm, =1.6 g/cm 3 )
The IgE-functionalised microparticles were captured specifically via anti-IgE DNA aptamers functionalised on the QCR using streptavidin-biotin assay (Figure 1a) . The binding was facilitated under continuous flow, without any washing steps, using a custom-microfabricated polycarbonate flowcell that was integrated with the QCR and a printed circuit board (Figure  2a) . Using a nonlinear network analyser, also developed in this study (Materials and methods), the QCR was driven with a pure sinusoidal potential of 2.5 V at a range of frequencies around its fundamental resonance ( 0 ≈14.24 MHz), and recorded complex (inphase and quadrature) current and voltage synchronously at the drive frequency (1f) and at three times the drive frequency (third Fourier harmonic or 3f). We denote the currents measured at the drive frequency and the third Fourier harmonic frequency as 1 and 3 respectively. The resonance frequency ( 0 ) and dissipation ( ) (inverse of quality factor) were estimated from the 1f impedance data using the Butterworth-Van Dyke (BVD) equivalent circuit of a QCR. The quality factor was estimated to be ~1900 before microparticle binding, as expected for a 14.3 MHz QCR with one side exposed to liquid. For controls, we used non-functionalised microparticles (referred to as blank) and microparticles functionalised with goat immunoglobulin-G (IgG) to model non-specific interactions with the anti-IgE functionalised QCR.
Optimisation of drive amplitude
We applied frequency sweeps at a range of amplitude (0.5-15 V) before and after binding the microparticles. Figure 1b shows the representative characteristics of the 3f current ( 3 ) against drive frequency. We recorded relative changes in the peak 3f current normalised by the respective 1f current (−Δ
), changes in dissipation (∆ ), and changes in the resonance frequency (∆ 0 ) due to microparticle binding for the range of drive amplitudes applied (Figure 1d) . Within the range of amplitudes explored, the largest changes in the peak normalised 3f current, dissipation and resonance frequency were found at amplitudes corresponding to 2.5 V, 0.5 V and 0.5 V respectively. Hence, these drive amplitudes were chosen for the frequency sweeps to measure the respective acoustic parameters. The 3f current was observed to decrease with binding, while the dissipation increased due to losses at the microparticle-QCR interface. The resonance frequency increased as elastic loading dominates over mass loading for microparticle binding to QCR 7 . Interestingly, the parametric plot of the 3f current against the 1f current, both being functions of f, showed a loop feature (Figure 1c,  §1 Supporting Information) . ), increase in dissipation (∆ ) and increase in resonance frequency (∆ 0 ) relative to the state at t=0 were analysed for baseline and microparticle flow stages (Figure 3 , Table S1 ).
The stability of baseline is typically affected by the quality of surface functionalisation and changes in non-gravimetric parameters, such as temperature, viscosity and pressure. The challenge of establishing a stable baseline of a quartz crystal resonator before the binding data can be collected is well known. We did not install any temperature control in the microfluidic cartridge, but carried out careful washing before starting to record the baseline data. However, in some cases, such as the baseline before flowing the blank microparticles, we observed drifts for the resonance frequency (∆ 0 ) and dissipation (∆ ) shift graphs (Figure 3b, 3c) . Interestingly, such drifts were not observed for the 3f current shifts that were measured from the same assay simultaneously with the other two acoustic parameters (Figure 3a) . It is plausible that loosely bound biomolecules were shaken off the surface during the 3f current measurement scans, which were at relatively higher amplitude than the other two acoustic parameters, giving better baseline stability. The baseline noise was also
( Table S1 ).
As more number of microparticles were flowed continuously at a fixed concentration (10 6 /mL), the binding curves followed a typical adsorption isotherm more closely for relative decrease in peak normalised 3 than increases in dissipation or resonance frequency, particularly for the top two concentrations as shown in Figure 3a . The change in signal in the first measurement taken 5 minutes after spiking of the IgE-functionalised microparticles was also observed more clearly (i.e. with greater signal-to-noise ratio) for the normalised 3f
).
Quantitative correlation
Microscopic images showed comparable coverage of the microparticles on the sensor surface for all IgE concentrations on them (Supplementary Figure S1a and S1b). Hence, the difference in the signals observed at any given time (after injection of microparticles) (Figure 3) could be attributed to the difference in the IgE concentrations on the microparticles. The relative decrease in the peak normalised 3f current at 50 min after the injection of microparticles was found to have a strong linear correlation ( 2 = 0.997) with the initial IgE concentrations used for their functionalisation, particularly for the highest four concentrations (3.2-0.16 µM solutions) (Figure 4) . As explained earlier, as the same number of microparticles was used for all functionalisation reactions, we can therefore say that a linear correlation of the signal also exists with the number of IgE molecules on the microparticles. Interestingly, almost a direct linear proportionality with the IgE concentration was observed, as suggested by the low y-intercept value of the interpolation function. In comparison, the linear correlations between the increase in dissipation or the increase in resonance frequency and the IgE concentration were weaker. Hence, relative concentration of particle-bound proteins can be determined quantitatively using the relative decrease in the peak normalised 3f current. Absolute concentrations may be determined using a predetermined dose-response curve with a known protein concentration on the particle. The same particle concentration (number of particles/mL), flow rate and time of signal readout need to be used for all these comparisions, which constitute the protocol.
A dramatic increase in resonance frequency and dissipation was observed for the lowest IgE concentration (0.016 µM) and the blank (no IgE). We anticipate this was because nonspecific interactions came into play and started dominating as the bare polystyrene surface got increasingly exposed at lower IgE concentrations. However, the 3f current was found to be negligibly affected by the growing non-specific interactions. This also means that the lowest concentration of microparticle-bound IgE that can be reliably readout is comparatively lower for 3f current measurement than the traditional acoustic parameters (resonance frequency and dissipation). It is possible that weaker electrostatic bonds of the non-specific interactions dissociated at the relatively higher amplitude used for the 3f current measurements. 
Transduction specificity
For similar concentrations of IgE and IgG on the microparticles, corresponding to 1.6 µM of the respective protein solutions, the increases in resonance frequency and dissipation for non-specific binding of IgG-microparticles are found to be 2.9 and 9.3 times lower respectively than those for specific binding of IgE-microparticles, both measured at the end of the assay (Figure 5a,b) . The relative 'attenuation' in the normalised peak 3f current for non-specific binding of IgG-microparticles is found to be even more remarkable (51.7) (Figure 5c ) -more than one order of magnitude greater than similar attenuation in resonance frequency shift (2.9) . This preferential transduction of specific interactions and decrease of non-specific background without any washing steps or assay optimisation is encouraging for realtime measurements, particularly as microscopic images show nearly similar levels of coverage for IgE-and IgG-microparticles, albeit with noticeable clustering for the latter (Supplementary Figure S1a and S1c). The results demonstrate an ability of the ADT transduction method, based on driving a quartz crystal resonator near one of its resonance modes (fundamental mode in this study) and measuring the current at three times the drive frequency (referred as the third Fourier harmonic current), to differentiate between specific and non-specific interactions. The third Fourier harmonic current should not be confused with the third overtone mode resonance frequency, which is commonly measured in quartz crystal microbalance by driving the QCR near the third overtone resonance. 
Discussion
The values of relative decrease in the nonlinearity coefficient (−∆ / ) ( Table 1) , which underpins the change in third harmonic current and is evaluated from Eq.17 using the experimentally observed relative changes in
and , show a linear correlation with the IgE concentration (Figure 4) . We noted earlier that as the concentration of IgE on the microparticles went down (corresponding to less than 0.16 µM of initial IgE solution), dissipation (Δ ) reversed its trend and started going higher in value because of dominating non-specific interaction between the bare polystyrene and the resonator. We note the same trend for Δ in Table 1 . However, interestingly, we find −Δ / continues decreasing without any change in trend and changes in sign to grow in negative value for the lowest IgE concentration explored in this study and for blank microparticles (no IgE) ( Table 1 reduces to a small value for these cases governed by Eq.17. A negative value of −Δ / is also noted for non-specific IgG-QCR interactions (Table 1, Figure 5d ) while Δ is positive, which also reduces −∆ −∆β/β **
These observations collectively lead to a novel finding that the nonlinearity coefficient ( ) of the QCR decreases due to microparticle-resonator (ligand-receptor) interactions, the decrease being greater for stronger interaction and linearly correlating with the concentration of the ligand on the microparticle. The nonlinearity coefficient also depends on the type of interaction (specific or non-specific), i.e. the interaction strength, and the direction of its change is reversed (increases) when non-specific interactions start dominating. This characteristic dependence of the nonlinearity coefficient on the interaction strength underpins the quantitative correlation and transduction specificity of the 3f current measurement governed by Eq.17.
Comparative limits of resolution
The directionality in the change of , which helps differentiating non-specific interactions, also allows resolving lower concentrations of microparticle-bound proteins compared to the widely used acoustic parameters of resonance frequency and dissipation. It may be noted that increased non-specific background from measurements of resonance frequency and dissipation shifts restricts their limits of resolving microparticle-bound IgE in this study to concentrations corresponding to 3.2µM and 1.6µM of initial IgE solution respectively. However, due to attenuated non-specific background analysed using ′ 3 and readings, the limit of resolution corresponds to 0.16 µM of initial IgE solution, which is one order of magnitude or more lower than the limit obtained with the traditional acoustic parameters -resonance frequency and dissipation. We did not measure the concentration of IgE on the beads directly. We can estimate 0.16µM IgE solution corresponds to 0.16 attomole IgE per microparticle, which is equivalent to 9.6x10 4 IgE molecules with a molecular weight of 190 kDa, assuming full immobilization efficiency. This value lies within the physiological range (10 3 -10 5 molecules) of common lymphocyte cell-surface antigens 16 . It is worth mentioning that the assay was not optimised here and that reference to IgE concentrations made throughout this document only serves as a term of comparison Table 1 . Average values and standard deviations (n=3) taken at the end of assay (t=70min) for all three measured parameters and the estimated nonlinear coefficient (β).
